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Abstract This work deals with the influence of surface

mechanical attrition treatment (SMAT) duration on fatigue

lives of Ti–6Al–4V. The SMAT process was carried out in

vacuum with SAE 52100 steel balls of 5 mm diameter for

30 and 60 min at a vibrating frequency of 50 Hz. SMAT

treated surface was characterized by electron microscopy.

Surface roughness, nano-indentation hardness, residual

stress, and tensile properties of the material in both SMAT

treated and untreated conditions were determined. SMAT

enabled surface nanocrystallization, increased surface

roughness, surface hardness, compressive residual stress

and tensile strength but reduced ductility. Samples treated

for 30 min exhibited superior fatigue lives owing to posi-

tive influence of nanostructured surface layer, compressive

residual stress and work hardened layer. However, fatigue

lives of the samples treated for 60 min were inferior to

those of untreated samples due to presence of microda-

mages or cracks induced by the impacting balls during the

treatment.
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1 Introduction

Titanium and its alloys are used in a wide variety of

applications, ranging from aerospace, chemical, petro-

chemical, marine and offshore, due to their excellent

properties in terms of high strength to weight ratio, out-

standing resistance to corrosion and excellent bio-com-

patibility [1]. Fatigue life improvement of Ti and Ti-based

alloys is of current interest due to their increasing industrial

applications.

In general, mechanical surface treatments can induce

high compressive residual stresses in near surface regions

due to the local plastic deformation and changes in

microstructure leading to improved fatigue resistance of

metallic materials. Also, it is well known that both grain

size and residual stresses influence the fatigue properties

significantly. A nanocrystalline material can be expected to

exhibit increased yield strength and so enhanced fatigue

crack initiation resistance. On the other hand, if the

material does not exhibit good ductility and toughness,

such finer grain size also has an undesirable effect on the

resistance to fatigue crack propagation. In case of coarse

grained materials, owing to lower strength fatigue cracks

can initiate quickly [2]. However, due to good ductility and

toughness they may exhibit better crack propagation

resistance. Generally fatigue cracks initiate from the sur-

face and propagate to the interior. So a component with a

nanostructured surface (NS) layer and coarse grained

interior can be expected to have superior crack initiation

resistance as well as superior crack propagation resistance

resulting in improved fatigue behaviour.

There are conventional methods of generating an NS

layer on a bulk material by means of deposition processes

such as physical vapour deposition, chemical vapour

deposition, electrodeposition etc. As a result of these
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processes, a tensile residual stress may be induced, which

may increase the probability to initiate a microcrack

between the deposited nanostructured layer and the sub-

strate. In addition, issues associated with the porosity,

contamination and change in the chemical composition of

the bulk metals/alloys will greatly impede the study of

fundamental mechanical behavior of the nanocrystalline

materials. Surface mechanical attrition treatment (SMAT)

addresses these challenges in a more scientific manner,

which can transform the coarse grained surface layer of a

bulk material into nanosized grains by severe plastic

deformation (SPD) [3]. This technology has been shown to

improve tensile strength [4, 5], hardness [6, 7], wear

resistance [6, 8], and fatigue strength of materials [9, 10].

The processing duration is one of the key parameters in

SPD processes that dictates the surface properties. Accu-

mulation of plastic strain increases with an increase in

processing duration, which leads to more grain refinement.

An increase in hardness and thickness of hardened layer at

the surface of AISI 316L with increasing treatment dura-

tion of the SMAT process has been reported by Arifvianto

et al. [11]. Sanda et al. [12] studied the effect of ultrasonic

shot peening parameters (treatment time, material and

quantity of shot balls and distance between radiating sur-

face and sample) on residual stress induced in alloy 718.

They reported that with increasing treatment time and

reducing the distance, compressive residual stress of higher

magnitude was induced in alloy 718. Tian et al. [13]

reported the effect of treatment duration on hardness and

thickness of hardened layer at the surface of C-2000

superalloy subjected to surface nanocrystallization and

hardening (SNH). They have reported that hardness

increased with an increase in treatment duration up to

30 min. With further increase in treatment duration, plas-

tic-deformation zone remained nearly constant resulting in

no significant increase in hardness.

The influence of SMAT duration on microstructure and

properties of Alloy 718 and Ti–6Al–4V was reported in our

previous studies [14, 15]. SMAT resulted in nanocrystal-

lization of the surface layer. The crystallite size reduced,

hardness increased and compressive residual stress

increased monotonously with an increase in SMAT dura-

tion in both materials. However, it was not the case with

fretting wear resistance. The fretting wear resistance of

samples treated for 30 min was superior compared to the

samples treated for 60 min and untreated samples, which

was attributed to optimum combination of hardness and

toughness of the samples treated for 30 min. In contrast,

the fretting wear resistance of the samples treated for

60 min was inferior to that of untreated samples, presum-

ably due to the higher hardness and reduced toughness of

the samples treated for 60 min.

In our previous study on SMAT treated alloy 718 [16], it

was observed that there was no significant difference

between the fatigue lives of samples treated for 30 and

60 min. However, at the lowest test stress level, the sample

treated for 60 min performed better than the sample treated

for 30 min. The aim of the present study is to understand

the influence of SMAT duration on fatigue lives of Ti–

6Al–4V alloy.

2 Experimental Procedures

The test material Ti–6Al–4V was in mill annealed condi-

tion. The material’s hardness was 364 Hv0.1. Tensile and

hourglass type fatigue test specimens were prepared by

wire cut electric discharge machining. All specimens were

polished using four grades of silicon carbide abrasive

papers (1/0, 2/0, 3/0 and 4/0) followed by alumina pol-

ishing and then finally cleaned with acetone. Few samples

were subjected to SMAT using a surface nanocrystalliza-

tion equipment. The schematic and methodology of SMAT

were given elsewhere [3, 17]. The SMAT process was

carried in vacuum (-0.1 MPa) with SAE 52100 steel balls

of 5 mm diameter for 30 and 60 min at a vibrating fre-

quency of 50 Hz.

Surface roughness measurements and X-ray diffraction

using Cu Ka radiation were done on the treated and

untreated samples. The average crystallite size and mean

microstrain were calculated from the broadening of Bragg

diffraction profiles using pseudo-Voigt function. The

residual stresses in untreated and treated samples were

measured using an XRD stress analysis system. Micro-

structural studies were done using a transmission electron

microscope operating at 120 kV. Cross sections of the

treated samples were polished using different grades of

silicon carbide abrasive papers (1/0, 2/0, 3/0 and 4/0) and

diamond paste of 0.25 lm. The samples were etched using

Kroll’s reagent and observed under a scanning electron

microscope.

Nanoindentation hardness was measured on the polished

cross sections of the treated samples using a nanoindenter

at a load of 10 mN. Tensile tests were carried out at an

initial strain rate of 3.33 9 10-4 s-1. Fatigue tests were

carried out under load control mode on treated and

untreated samples using a 100 kN servo-hydraulic testing

machine with a load ratio of 0.1 at different load levels and

at a cycle frequency of 15 Hz. Tests were conducted till

specimen failure (separation into two pieces) or till

1 9 106 cycles. Fracture surfaces of the fatigue tested

samples were observed under a scanning electron

microscope.
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3 Results and Discussion

3.1 Characterization of Samples Subjected to SMAT

As the results of characterization have been in published in

a detailed manner elsewhere [15, 18], only the important

points are presented here for the sake of completeness.

SMAT process introduced a significant change in surface

topography or surface roughness of the samples as shown

in Fig. 1. The surface damage was severe with more

number of micro cracks in the samples treated for 60 min

compared to that of samples treated for 30 min. Also, the

micro cracks were deeper. The longer duration of SMAT

resulted in more and deeper micro cracks on the treated

surface, which may have a strong influence on the fatigue

behavior.

Cross-sectional optical microscopic observation of

samples subjected to SMAT indicated severe plastic

deformation in the surface and near surface layers. A

gradient in microstructure (i.e. finer grains in the surface

and near surface regions and coarse grains in the bulk) was

seen. Dark field transmission electron micrographs of

SMAT treated samples and corresponding selected area

electron diffraction patterns confirmed the formation of

nanostructure in the treated material surface [15, 18].

There was broadening of Bragg diffraction profiles

obtained in the samples subjected to SMAT, which can be

attributed to small crystallite size and micro strain [15, 18].

The values of crystallite size, micro strain (calculated from

the XRD data using pseudo-Voigt function), surface

roughness (Ra and Rmax) and compressive residual stress on

the surface of untreated and treated specimens are listed in

Table 1. The samples treated for 30 min duration had

slightly higher surface roughness value compared to those

treated for 60 min.

Figure 2 shows the value of hardness of the samples

subjected to SMAT for two different durations. There was

a significant increase in the surface hardness of the samples

Fig. 1 Surface morphology of SMAT treated Ti–6Al–4V samples: a, b SMAT for 30 min; c, d SMAT for 60 min. b, d are high magnification

images of regions marked inside a circle shown in a, c respectively
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subjected to SMAT for two different durations. The

increase in surface hardness value with an increase in

SMAT duration may be attributed to the increased grain

refinement and strain hardening.

There was not much difference between the tensile

properties of the samples treated for 30 min and untreated

samples (Table 1). However, the samples treated for

60 min exhibited higher tensile strength and reduced duc-

tility due to higher level of work hardening at the surface

and near surface. The samples subjected to SMAT had

higher magnitude of compressive residual stress compared

to untreated samples (Table 1).

3.2 Fatigue Lives of Ti–6Al–4V

The influence of SMAT duration on the fatigue lives of Ti–

6Al–4V samples is shown in Fig. 3. The samples treated

for 30 min exhibited superior fatigue lives compared to the

samples treated for 60 min and untreated samples. A

similar improvement in the fatigue lives of SMAT treated

316 L austenitic stainless steel [9], SS400 stainless steel

[10] and alloy 718 [16] has been reported.

The enhancement in the fatigue lives can be attributed to

the positive influence of nanostructured surface layer,

compressive residual stress and work hardened layer,

which surpassed the negative influence of increased surface

roughness. However, it is not possible to determine the

individual contribution of each factor influencing the

fatigue life. Crack initiation and initial phase of crack

propagation can be delayed by the surface compressive

residual stresses which reduce mean stress. A large number

of dense dislocation walls, dislocation tangles and sub

grains with low angle boundaries are possibly present in a

work hardened layer and crack nucleation can be retarded

by such distorted microstructures [19]. Generally finer

grained materials exhibit superior crack initiation resis-

tance compared to coarse grained materials.

On the other hand, fatigue lives of samples treated for

60 min were even lower than those of the untreated sam-

ples. It can be attributed to the large extent of micro-

damages/cracks induced by the impacting balls (see

Fig. 1c, d), which acted as potential stress raisers. In case

of C-2000 alloy subjected to SNH process, it is reported

that micro-damages increase with an increase in treatment

duration, which could markedly increase the probability of

the macrocrack initiation, if no other effects are considered

[11]. It may be noted in our previous study on SMAT

treated alloy 718 [16], it was observed that there was no

significant difference between the fatigue lives of samples

treated for 30 and 60 min. However, at the lowest test

stress level, the sample treated for 60 min performed better

than the sample treated for 30 min. The difference in the

effect of SMAT duration on both materials has been

attributed to the difference in the notch sensitivity and

ductility of both materials. The surface damage due to

SMAT was more severe in Ti–6Al–4V compared to that in

Table 1 Average crystallite

size, micro strain, Ra, Rmax and

residual stress in the surface

layer and tensile properties of

the untreated Ti–6Al–4V

samples and samples treated by

SMAT

YS yield strength, UTS ultimate

tensile strength, Dl elongation

Crystallite

size (nm)

Micro

strain (%)

Ra (lm) Rmax

(lm)

Residual stress

(MPa)

YS

(MPa)

UTS

(MPa)

Dl in

25 mm (%)

Untreated – – 0.10 0.175 -298 ± 14 1,063 1,142 19

SMAT,

30 min

148 0.138 0.70 4.500 -679 ± 20 1,070 1,173 17

SMAT,

60 min

115 0.155 0.63 4.000 -706 ± 14 1,143 1,268 15

Fig. 2 Variation of hardness with distance from surface of Ti–6Al–4V

subjected to SMAT

Fig. 3 Influence of SMAT duration on fatigue lives of Ti–6Al–4V

(arrow indicates non-failure)
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case of alloy 718. This may be attributed to the relatively

lower ductility of Ti–6Al–4V compared to that of alloy

718. The ductility of Ti–6Al–4V used in the present study

was about half the ductility of alloy 718. It may be noted

that Ti–6Al–4V has a relatively higher notch sensitivity

compared to that of alloy 718 [20, 21]. So it may be said

that the influence of SMAT duration on fatigue life

depends on the material, ductility and notch sensitivity.

If the SMAT duration is increased beyond 60 min, the

extent of surface damage will increase and it may lead to

reduction in fatigue lives in case of alloy 718 also com-

pared to the fatigue lives of untreated samples as has been

observed in Ti–6Al–4V.

Fracture surfaces of fatigue tested samples were

observed and it was found that the fatigue crack initiation

site was at the free surface in all samples. However, in case

of samples treated for 60 min, the presence of more micro

cracks generated from severe surface damage aided the

fatigue crack initiation quickly.

4 Conclusions

SMAT resulted in nanocrystallization of the surface of Ti–

6Al–4V alloy. Samples subjected to SMAT exhibited

higher surface roughness, higher surface hardness, higher

compressive residual stress, higher tensile strength and

reduced ductility compared to the untreated ones. The

samples treated for 30 min exhibited superior life com-

pared to untreated samples and samples treated for 60 min.

It can be attributed to the positive influence of nanostruc-

tured surface layer, compressive residual stress and work

hardened layer, which surpassed the negative influence of

increased surface roughness. However, fatigue lives of the

sample treated for 60 min were inferior to those of

untreated samples. It can be attributed to a large extent to

micro-damages induced by the impact, which acted as

potential stress raisers.
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